Dietary methionine restriction (MR) limits fat deposition and decreases plasma leptin, while increasing food consumption, total energy expenditure (EE), plasma adiponectin, and expression of uncoupling protein 1 (UCP1) in brown and white adipose tissue (BAT and WAT). ␤-adrenergic receptors (␤-AR) serve as conduits for sympathetic input to adipose tissue, but their role in mediating the effects of MR on energy homeostasis is unclear. Energy intake, weight, and adiposity were modestly higher in ␤ 3-AR Ϫ/Ϫ mice on the Control diet compared with wild-type (WT) mice, but the hyperphagic response to the MR diet and the reduction in fat deposition did not differ between the genotypes. The absence of ␤3-ARs also did not diminish the ability of MR to increase total EE and plasma adiponectin or decrease leptin mRNA, but it did block the MR-dependent increase in UCP1 mRNA in BAT but not WAT. In a further study, propranolol was used to antagonize remaining ␤-adrenergic input (␤1-and ␤2-ARs) in ␤3-AR Ϫ/Ϫ mice, and this treatment blocked Ͼ50% of the MR-induced increase in total EE and UCP1 induction in both BAT and WAT. We conclude that signaling through ␤-adrenergic receptors is a component of the mechanism used by dietary MR to increase EE, and that ␤ 1-and ␤2-ARs are able to substitute for ␤3-ARs in mediating the effect of dietary MR on EE. These findings are consistent with the involvement of both UCP1-dependent and -independent mechanisms in the physiological responses affecting energy balance that are produced by dietary MR. energy expenditure; metabolic efficiency; futile cycles; adipose tissue; dietary restriction; leptin; adiponectin; oxidative metabolism; uncoupling DIETARY METHIONINE RESTRICTION (MR) is a mimetic of chronic dietary restriction that produces a comparable increase in rodent longevity without restriction of food consumption. We report here that MR produces a rapid and persistent increase in total energy expenditure (EE) that limits fat deposition despite increasing weight-specific food consumption. In Fischer 344 (F334) rats studied 3, 9, and 20 mo after weaning onto control or MR diets, total EE was ϳ1.5-fold higher in MR vs. Control rats at all ages, due primarily to higher O 2 consumption during the fed state. The transition from fasted to fed state produced a twofold higher heat increment of feeding (HIF; 3.0°C vs. 1.5°C) in MR vs. Control rats, and an exaggerated increase in respiratory quotient (RQ) to 1.0, indicative of a complete shift to carbohydrate oxidation and increase in de novo lipogenesis. During the subsequent transition to fasting, the shift to fat oxidation was also more complete in MR (RQ: ϳ0.75 vs. Control group: RQ ϳ0.85). Imposition of MR in mature rats produced a similar enhancement of metabolic flexibility, but in this case, the increase in EE was matched to the increase in food consumption, such that rats were in energy balance and maintained both body weight and composition over the subsequent 6 mo. Similarly, imposition of dietary MR using high-fat diets with obesity-prone Osborne-Mendel rats prevented postweaning accretion of fat despite increasing weight-specific food consumption. Collectively, these findings demonstrate that the hyperphagic response to dietary MR is matched to a coordinated increase in uncoupled respiration, suggesting the engagement of a nutrient-sensing mechanism, which compensates for limited methionine availability through integrated effects on energy homeostasis.
energy expenditure; metabolic efficiency; futile cycles; adipose tissue; dietary restriction; leptin; adiponectin; oxidative metabolism; uncoupling DIETARY METHIONINE RESTRICTION (MR) is a mimetic of chronic dietary restriction that produces a comparable increase in rodent longevity without restriction of food consumption. We report here that MR produces a rapid and persistent increase in total energy expenditure (EE) that limits fat deposition despite increasing weight-specific food consumption. In Fischer 344 (F334) rats studied 3, 9, and 20 mo after weaning onto control or MR diets, total EE was ϳ1.5-fold higher in MR vs. Control rats at all ages, due primarily to higher O 2 consumption during the fed state. The transition from fasted to fed state produced a twofold higher heat increment of feeding (HIF; 3.0°C vs. 1.5°C) in MR vs. Control rats, and an exaggerated increase in respiratory quotient (RQ) to 1.0, indicative of a complete shift to carbohydrate oxidation and increase in de novo lipogenesis. During the subsequent transition to fasting, the shift to fat oxidation was also more complete in MR (RQ: ϳ0.75 vs. Control group: RQ ϳ0.85). Imposition of MR in mature rats produced a similar enhancement of metabolic flexibility, but in this case, the increase in EE was matched to the increase in food consumption, such that rats were in energy balance and maintained both body weight and composition over the subsequent 6 mo. Similarly, imposition of dietary MR using high-fat diets with obesity-prone Osborne-Mendel rats prevented postweaning accretion of fat despite increasing weight-specific food consumption. Collectively, these findings demonstrate that the hyperphagic response to dietary MR is matched to a coordinated increase in uncoupled respiration, suggesting the engagement of a nutrient-sensing mechanism, which compensates for limited methionine availability through integrated effects on energy homeostasis.
Dietary MR increases food consumption while paradoxically limiting fat accretion (31, 33, 44) . Pair-feeding studies comparing rats fed a methionine-replete control diet to the amount of MR diet consumed by the MR group establish that dietary MR decreases metabolic efficiency (31, 44) . In our companion article (21a), we show that dietary MR increases total daily EE, core body temperature, uncoupling protein 1 (UCP1) expression in brown adipose tissue (BAT) and white adipose tissue (WAT), and increased plasma adiponectin, while decreasing leptin expression in both types of adipose tissue. These findings are consistent with the hypothesis that dietary MR increases sympathetic outflow to BAT and WAT, and increases adaptive thermogenesis, in part, through induction of UCP1 and adiponectin. To explore the significance of sympathetic stimulation of adipose tissue to the ability of dietary MR to increase EE and limit fat deposition, the present studies were undertaken with mice lacking the ␤ 3 -adrenergic receptor (␤ 3 -AR). Although the ␤ 3 -AR is considered the primary receptor conduit for chronic sympathetic nervous system (SNS) input into adipose tissue (8, 30) , previous studies have shown that coexpressed ␤ 1 -and ␤ 2 -ARs can substitute, in part, for the ␤ 3 -AR in mediating some effects of SNS input (2, 10, 39) . Therefore, our goal was to examine whether the metabolic responses to dietary MR required signaling input through ␤-ARs, and if so, which components of the transcriptional response in BAT and WAT were linked to the physiological responses to the diet. Using ␤ 3 -AR-null mice, pharmacological antagonists, and the tools of metabolic phenotyping, we find that the ␤ 3 -AR is required for induction of UCP1 expression in BAT but not in WAT or to modify the endocrine function of WAT, increase EE, or limit fat deposition. However, we do find that a significant component of the effect of dietary MR on EE does require signaling input through the combined effects of ␤-AR subtypes expressed in adipose tissue.
MATERIALS AND METHODS

Animals and diets.
All experiments were reviewed and approved by the Pennington Biomedical Research Center Institutional Animal Care and Use Committee on the basis of guidelines established by the National Research Council, the Animal Welfare Act, and the Public Health Service Policy on the humane care and use of laboratory animals. Breeding pairs of mice with targeted deletion of the ␤3-adrenergic receptor (␤ 3-AR) were obtained from Dr. Brad Lowell (39) and used to establish a breeding colony within the Pennington Center Vivarium and produce the ␤ 3-AR Ϫ/Ϫ mice for the studies. The ␤ 3-AR Ϫ/Ϫ mice were originally produced on a FVB background, and wild-type FVB mice were obtained from Jackson Laboratories (Bar Harbor, ME) to produce age-matched control mice for our studies (WT). Two studies were conducted using 12-wk-old male mice of each genotype. At the initiation of each study, the mice were weighed, and body composition was determined by NMR using a Bruker Mouse Minispec (Bruker Optics, Billerica, MA). Before each use, the instrument was calibrated to an external standard, and body composition was determined according to manufacturer's instructions. Thereafter, mice in each experiment were randomly assigned to receive purified diets manufactured by Dyets (Bethlehem, PA) that contained 0.86% methionine (control diet) or 0.17% methionine (MR diet). The pelleted diets were provided ad libitum, and 48-h food consumption, body weight, and body composition were determined weekly for the duration of the 10-to 12-wk study. The mice were singly housed, and food consumption was measured at specific intervals in each experiment by weighing the food provided at the beginning of the feeding interval and weighing the unconsumed and wasted food 48 h later between 3 and 7 PM. The corncob bedding was sifted through wire mesh to retrieve and weigh any food pellets that were removed from the food dispenser but not consumed. There was no evidence that the food pellets were being shredded and not consumed by either group. The energy content of both control and MR diets was 15.96 kJ/g, with 18.9% of calories coming from fat (soybean oil), 64.9% from carbohydrate, and 14.8% from a custom mixture of L-amino acids as previously described (31, 33, 36) . The amino acid content on a weight basis was 14.1%, as shown in Table 1 of our companion article (21a). Water was provided ad libitum to all treatment groups, and room temperature was maintained at 22-23°C, and lights were on 12 h/day from 7 AM to 7 PM. Experiment 1. Two groups of sixteen 12-wk-old WT and ␤3-AR Ϫ/Ϫ mice were randomly assigned to receive either the control or MR diet ad libitum for 10 wk. Food consumption and body composition were determined at weekly intervals, and body weight was measured twice a week. At the end of the 10-wk study, the mice were transferred to the Small Animal Phenotyping Core Facility at PBRC for measurement of voluntary activity and energy expenditure using a Comprehensive Laboratory Animal Monitoring System (CLAMS System, Columbus Instruments, Columbus, OH). The mice were acclimated in the metabolic chambers overnight prior to measurement of oxygen consumption (VO2) and carbon dioxide production (VCO2) at 48-min intervals for 72 h. Physical activity was monitored, while the mice were in the chambers using an OPTO-M3 sensor system. At the end of the 4-day period, the mice were euthanized, and interscapular BAT was carefully dissected, and total RNA was isolated for measurement of UCP1 mRNA by quantitative RT-PCR or ribonuclease protection assay as before (42, 43) . RQ was calculated as the ratio of VCO2 produced to VO2 consumed, and EE was calculated as {VO2 ϫ [3.815 ϩ (1.232 ϫ RQ)] ϫ 4.187} and expressed as kilojoules per kilogram fat-free mass (FFM) per hour (38) .
Experiment 2.
Twelve-week-old ␤ 3-AR Ϫ/Ϫ mice were randomly assigned to receive either the control diet (n ϭ 5), the control diet containing 500 g/g DL-propranolol (n ϭ 6), the MR diet (n ϭ 5), or the MR diet containing 500 g/g DL-propranolol (n ϭ 6). At this concentration of propranolol in the diet, the dose averaged 40 -50 g
DL-propranolol·day
Ϫ1 ·g body wt Ϫ1 for mice on both diets, shown previously to block ␤1-and ␤2-ARs, but not the ␤3-AR (10). The respective diets for the four groups were provided ad libitum for 12 wk, with food consumption, body weight, and body composition determined at weekly intervals. Thereafter, voluntary activity and energy expenditure were measured as described in experiment 1, and BAT was harvested for measurement of UCP1 mRNA.
Methods of analysis. Body weight and composition, food consumption, and UCP1 mRNA in experiment 1 were compared using a two-way ANOVA with genotype and diet as main effects. The genotype ϫ diet interaction was tested using residual variance (animal within genotype ϫ diet) as the error term, followed by post hoc testing for specific differences using the Bonferroni correction. The same variables were analyzed in experiment 2 using a two-way ANOVA, but here, dietary group and treatment were the main effects. The voluntary activity and calorimetric data (RQ and EE) in each phase of the light-dark cycle and spanning both phases of the diurnal cycle were tested for a diet ϫ treatment interaction, and group means were compared as before using the Bonferroni correction. Protection against type I errors was set at 5% (␣ ϭ 0.05).
RESULTS
Experiment 1.
Our companion article (21a) shows that dietary MR produced coordinated changes in WAT endocrine function (i.e., decreased leptin and increased adiponectin), while increasing BAT UCP1 expression, core body temperature, food consumption, and total energy expenditure. Therefore, experiment 1 was undertaken to determine whether absence of the adipose tissue-specific ␤ 3 -AR compromised the ability of dietary MR to affect the components of energy balance and modify the endocrine and metabolic function of WAT and BAT. Energy intake did not differ among the groups for the first 2-3 wk of the study, but thereafter, it was significantly higher in both MR groups compared with both groups on the control diet. Averaged over the entire study, energy intake in WT and ␤ 3 -AR Ϫ/Ϫ mice on the MR diet was 21% and 25% higher than WT mice on the control diet (Fig. 1A) . Energy intake in ␤ 3 -AR Ϫ/Ϫ mice on the control diet was also significantly higher than WT mice on the control diet, making them intermediate between WT and ␤ 3 -AR Ϫ/Ϫ mice on the MR diet and WT mice on the control diet (Fig. 1A) . The initial body weights (BW) of WT and ␤ 3 -AR Ϫ/Ϫ mice did not differ, and the BW of mice in both groups on the control diet increased in parallel over the 10-wk study (Fig. 1B) . The ␤ 3 -AR Ϫ/Ϫ mice appeared to be slightly larger at the end, but this difference was not significant (P Ͼ 0.05). Dietary MR resulted in a similar impairment of growth in both genotypes, with WT mice gaining essentially no weight and the 2 g increase in BW of ␤ 3 -AR Ϫ/Ϫ mice during the last 2-3 wk, accounting for the group's entire increase in BW over the 10-wk study (Fig. 1B) . Adiposity (fat mass expressed as a percentage of body weight) did not differ between WT and ␤ 3 -AR Ϫ/Ϫ mice at the beginning of the study, but more than doubled over the 10-wk study in ␤ 3 -AR Ϫ/Ϫ mice on the control diet (Fig. 1C) . Fat accumulation in WT mice on the control diet occurred at a slower rate relative to ␤ 3 -AR Ϫ/Ϫ mice during the first 4 wk of the study, but it increased substantially thereafter to finish the study with only slightly lower adiposity than the ␤ 3 -AR Ϫ/Ϫ mice (Fig. 1C ). Adiposity of WT mice on the MR diet at week 10 (13.9 Ϯ 3.4%) was unchanged from their initial adiposity of 14.8 Ϯ 2.0% (Fig. 1C) , and although adiposity of ␤ 3 -AR Ϫ/Ϫ mice on the MR diet appeared to be higher than WT mice for the last 5 wk of the study, the large standard errors attached to mean estimates precluded detection of this difference. Thus, the difference in adiposity between WT mice on the control and MR diets was comparable to the difference in adiposity between ␤ 3 -AR Ϫ/Ϫ mice on the two diets (Fig. 1C) . Together, these data show that despite fundamental differences between WT and ␤ 3 -AR Ϫ/Ϫ mice in their size and nutrient partitioning during postweaning growth, the absence of the ␤ 3 -AR did not compromise the ability of dietary MR to limit fat deposition or produce hyperphagia.
To test the role of the ␤ 3 -AR in mediating the effects of MR on energy expenditure, indirect calorimetry was used to measure O 2 consumption and CO 2 production in WT and ␤ 3 -AR Ϫ/Ϫ mice. Mean EE per unit of FFM changed during the diurnal cycle in a repeating pattern that was in phase with the light-dark cycle in all groups ( Fig. 2A) . EE was highest at night when mice were awake and eating, and lowest during the day when they normally sleep and consume small infrequent meals ( Fig. 2A) . In WT and ␤ 3 -AR Ϫ/Ϫ mice on the control diet, mean EE was comparable during the day (WT: 75.0 Ϯ 0.9 kJ·h
). The difference represents a 31% increase in EE for WT mice during the day-to-night transition to the fed state compared with a 21% increase in EE for the ␤ 3 -AR Ϫ/Ϫ mice ( Fig. 2A) . Mean EE during both day and night was significantly higher in WT and ␤ 3 -AR Ϫ/Ϫ mice on the MR compared with the control diet ( Fig. 2A) , and dietary MR produced a comparable increase in EE in WT and ␤ 3 -AR Ϫ/Ϫ mice during both day and night. In other words, the absence of the ␤ 3 -AR did not compromise the ability of the MR diet to increase total daily EE in mice ( Fig. 2A) .
The RQ provides a real-time index of fuel utilization during the metabolic cycle, and Fig. 2B shows that the measured changes in RQ over time were in phase with the diurnal fluctuation in EE among the groups. A ratio of CO 2 produced to O 2 consumed of 0.835 occurs when carbohydrate and fat utilization are equivalent (14, 26) , with an increase or decrease in RQ indicative of a commensurate increase in utilization of carbohydrate or fat, respectively. Fig. 2B illustrates a fundamental difference between fuel selection in WT and ␤ 3 -AR Ϫ/Ϫ mice in that ␤ 3 -AR Ϫ/Ϫ mice use a higher proportion of fat during both day and night (Fig. 2B) . Dietary MR increased carbohydrate use in both genotypes during both periods, but the overall increase in ␤ 3 -AR Ϫ/Ϫ mice (4.4%) was twofold greater than in WT mice (2.1%, Fig. 2B ). Despite this difference in response to MR, relative carbohydrate utilization in WT mice (RQ: 0.962 Ϯ 0.002) was still significantly greater (P Ͻ 0.01) than ␤ 3 -AR Ϫ/Ϫ mice (RQ: 0.945 Ϯ 0.002) at night (Fig. 2B) . Together, these data illustrate that the absence of the ␤ 3 -AR did not compromise the ability of dietary MR to increase total daily EE in mice. However, they do indicate a key role for the ␤ 3 -AR in overall fuel selection during the diurnal cycle that dietary MR appears to normalize during the day but not entirely at night. , and adiposity (C) of FVB wild-type (WT) and ␤3-adrenergic receptor (␤3-AR)-null mice provided a control or methionine-restricted diet. Ten-to twelve-wk-old male FVB mice or FVB mice with targeted deletion of the ␤3-AR (27) were randomly assigned to groups that would receive a control diet containing 0.86% methionine (Control group) or a diet with methionine restriction (MR) to 0.17%. The diets were provided ad libitum, and food consumption, body weight, and body composition were measured in separate cohorts of 8 mice per genotype ϫ diet combination. Energy intake (A), body weight (B), and adiposity (C) were measured at weekly intervals over the 10-wk duration of the study, as described in MATERIALS AND METHODS. Response variables were analyzed by ANOVA.
a,b,c Means at each time point with letters that differ denote P Ͻ 0.05.
Measures of voluntary activity were obtained to assess its potential contribution to differences in EE between genotypes and diets. During the day, total activity did not differ between WT and ␤ 3 -AR Ϫ/Ϫ mice on the control diet (Fig. 2C ), but the MR diet increased activity approximately twofold in WT mice, whereas in the ␤ 3 -AR Ϫ/Ϫ mice, total activity was decreased by 13% (Fig. 2C) . WT mice on the control diet increased their night-time voluntary activity by 4.6-fold, whereas the increase in ␤ 3 -AR Ϫ/Ϫ mice was only 1.8-fold (Fig. 2C ). The MR diet had no effect on night-time activity in either genotype (Fig.  2C) , although the actual day-to-night fold increase in WT mice on the MR diet (1.9-fold) was less than WT mice on the control diet (4.6-fold). In ␤ 3 -AR Ϫ/Ϫ mice, the day-to-night increase in activity was comparable between the control (1.6-fold) and MR diets (2.0-fold, Fig. 2C ). When day and night activity was combined, the MR diet had no effect on voluntary activity in either genotype, but WT mice were 2.7-fold more active than ␤ 3 -AR Ϫ/Ϫ mice (Fig. 2C ). Our companion study (21a) and previous studies (31) have shown that in rats, dietary MR alters endocrine function of WAT by reciprocally regulating adiponectin and leptin. We measured plasma adiponectin to test for comparable changes in mouse WAT and whether the ␤ 3 -AR is required to affect these changes. After 10 wk, plasma adiponectin did not differ between WT and ␤ 3 -AR Ϫ/Ϫ mice on the control diet but was increased twofold by dietary MR in both genotypes (Fig. 3A) . The change in plasma adiponectin occurred without a change in transcription of the gene, as adiponectin mRNA in inguinal , and total voluntary activity (C) in FVB wild-type (WT) and ␤3-AR-null mice provided a control or methioninerestricted diet for 10 wk. The mice were adapted to the calorimetry chambers for 24 h prior to measurement of O2 consumption, CO2 production, and voluntary activity for the following 4 days. Thereafter, blood and fat pads were harvested, and energy expenditure (EE) and respiratory quotient were calculated as described in MATERIALS AND METHODS. Average EE was calculated for each animal in each group for the period when lights were on (7 AM-7 PM), when lights were off (7 PM-7 AM), and averaged over both periods to assess total daily EE. Total activity was averaged for each animal in each group for the period when lights were on or off and also averaged over both periods to assess total activity. For EE, RQ, and total activity, the day, night, and total averages for each response variable were compared by ANOVA. B and C:
Means at each time of day with letters that differ denote P Ͻ 0.05. WAT did not differ between WT and ␤ 3 -AR Ϫ/Ϫ mice on either the control or MR diets (Fig. 3B) . In contast, leptin mRNA was increased in WAT from ␤ 3 -AR Ϫ/Ϫ mice on the control diet, but the absence of the ␤ 3 -AR did not compromise the ability of MR to reduce leptin expression in WAT, as MR produced a comparable 6-to 8-fold reduction in leptin mRNA in both WT and ␤ 3 -AR Ϫ/Ϫ mice (Fig. 3B) . We also examined UCP1 expression in BAT and WAT, as the ␤ 3 -AR is known to link SNS stimulation of BAT with transcriptional activation of the UCP1 gene under conditions of chronic sympathetic input (30) . Given the increase in UCP1 expression produced by dietary MR in both tissues from rats in our companion study (21a), the objective of the present study was to assess the involvement of ␤ 3 -AR signaling in the response in mouse adipose tissue. Fig. 4A shows that UCP1 mRNA did not differ in BAT from WT or ␤ 3 -AR Ϫ/Ϫ mice on the control diet, but it was significantly increased in BAT from WT mice on the MR diet. In contrast, dietary MR failed to increase UCP1 mRNA in BAT of ␤ 3 -AR Ϫ/Ϫ mice. To further assess the contribution of ␤ 3 -AR signaling to UCP1 induction in BAT, the response of WT and ␤ 3 -AR Ϫ/Ϫ mice to a selective agonist of the ␤ 3 -AR (CL-316,243) was examined. In BAT from each genotype treated for 24 h with vehicle or CL-316,243, UCP1 mRNA expression was comparable in WT and ␤ 3 -AR Ϫ/Ϫ mice treated with vehicle (Fig. 4B) . However, the ␤ 3 -AR agonist produced a twofold induction of UCP1 mRNA in WT mice but had no effect in ␤ 3 -AR Ϫ/Ϫ mice (Fig. 4B ). This agrees with findings published in the original description of the ␤ 3 -AR Ϫ/Ϫ mice (39), which also showed that short-term cold exposure induced UCP1 in BAT via ␤ 1 -AR/␤ 2 -ARs. To test the possibility that chronic consumption of the MR diet led to desensitization of ␤ 1 -AR/␤ 2 -ARs in ␤ 3 -AR Ϫ/Ϫ mice, we examined leptin mRNA expression in BAT, which is negatively regulated by SNS input in both BAT and WAT. Consistent with Fig. 3B and as previously reported for WAT (10), leptin mRNA was significantly increased in BAT from ␤ 3 -AR Ϫ/Ϫ on the control diet (Fig. 4C) . This increase illustrates the important role of signaling through the ␤ 3 -AR in regulating leptin expression in both BAT and WAT. However, as also shown in Fig. 4C , dietary MR produced a significant decrease in leptin mRNA in BAT of WT mice that was comparable to that seen in WAT (Fig. 3B ). More importantly, the absence of the ␤ 3 -AR did not compromise this response to the diet in BAT (Fig. 4C) , supporting the view that signaling through ␤ 1 -AR/ ␤ 2 -ARs was uncompromised by 10 wk of dietary MR. Lastly, to test whether the failure of dietary MR to induce UCP1 mRNA in BAT was gene specific rather than tissue specific, we examined the effect of dietary MR on UCP1 mRNA in WAT. Fig. 4D shows that dietary MR produced a 6-to 10-fold induction of UCP1 mRNA in inguinal WAT of both WT and ␤ 3 -AR Ϫ/Ϫ mice. This finding is consistent with our interpretation of Figs. 3B and 4C, namely that signaling through ␤ 1 -AR/␤ 2 -ARs remained intact in both BAT and WAT and was unlikely to be responsible for the failure of dietary MR to induce UCP1 mRNA in BAT from ␤ 3 -AR Ϫ/Ϫ mice. Experiment 2. An additional experiment was conducted with ␤ 3 -AR Ϫ/Ϫ mice treated with the ␤-AR antagonist propranolol to test whether blocking all ␤-adrenergic input to adipose tissue would alter the ability of dietary MR to affect energy homeostasis. Propranolol decreased consumption of the control diet by 21% over the 12-wk study in ␤ 3 -AR Ϫ/Ϫ mice, while total energy intake increased 18% in vehicle-treated mice on the MR diet (Fig. 5A) . Propranolol completely blocked the hyperphagic response to MR, such that energy intake did not differ between mice on the control and MR diets with propran- Means within each experiment with letters that differ denote P Ͻ 0.05. olol (Fig. 5A) . Mice consuming the control diet with vehicle increased BW from 31.0 Ϯ 1.9 g to 42.5 Ϯ 2.4 g over the course of the 12-wk study (Fig. 5B) . The 21% reduction in consumption of the control diet containing propranolol translated into a 25% reduction in BW accumulation, with mice in this group ending the study at 34.0 Ϯ 2.5 g (Fig. 5B) . In contrast, the 18% higher energy intake of mice consuming the MR diet without propranolol resulted in no increase in BW Fig. 5 . Post-weaning energy intake (A), growth (B), adiposity (C), energy expenditure (D), and voluntary activity (E) of ␤3-AR-null mice provided a control or methionine-restricted diet with or without propranolol. Twenty-four 10-to 12-wk-old male FVB mice with targeted deletion of the ␤3-AR (27) were randomly assigned to four groups. Two of the groups received either a control diet containing 0.86% methionine (Control group) or the control diet formulated to contain 500 g propranolol per gram of diet (Control ϩ propranolol). The remaining two groups received either a diet with methionine restricted to 0.17% (MR) or the MR diet formulated to contain 500 g propranolol per gram of diet (MR ϩ propranolol). The diets were provided ad libitum for 12 wk. Energy intake (A), body weight (B), body composition (C) were measured at weekly intervals for 12 wk, as described in MATERIALS AND METHODS. Thereafter, mice were adapted to calorimetry chambers for 24 h prior to measurement of O2 consumption, CO2 production, and voluntary activity for the following 4 days. Thereafter, fat pads were harvested. Average EE was calculated for each animal in each group for the period when lights were on (7 AM-7 PM), when lights were off (7 PM-7 AM), and averaged over both periods to assess total daily EE. Total activity was averaged for each animal in each group for the period when lights were on or off and also averaged over both periods to assess total activity. Response variables were analyzed by ANOVA. a,b,c Means at each time point with letters that differ denote P Ͻ 0.05. over the same period (Fig. 5B) . Stated another way, the 18% higher intake of the MR diet translated into ϳ15 g less BW gain (Fig. 5B) . Dietary MR also decreased metabolic efficiency in the presence of propranolol. This effect is clearly seen in the comparison between mice on control and MR diets with propranolol, where energy intake did not differ (Fig. 5A ), but mice on the MR diet ended the study weighing 7 g less than mice on the control diet (Fig. 5B) . Notwithstanding the effect of propranolol to reduce overall consumption of both diets, these findings show that propranolol diminished the efficacy of dietary MR to limit BW accumulation of ␤ 3 -AR Ϫ/Ϫ mice. Weekly measurements of body composition showed that dietary MR completely abrogated the fat accretion observed in ␤ 3 -AR Ϫ/Ϫ mice on the control diet (Fig. 5C) , with adiposity that was essentially unchanged over the course of the 12-wk study. The reduction in consumption (21%) of the control diet by propranolol translated into a 17% reduction of fat accumulation over the course of the study (Fig. 5C) . The proportionality of the decrease in energy intake, BW, and fat accumulation in this group suggests that the antagonist had little or no effect on energy balance beyond its effect to reduce energy intake. In contrast, adiposity was essentially unchanged in mice consuming the MR diet without propranolol, despite their 18% higher rate of energy intake (Fig. 5 , A and C). As noted above for BW, the contrast between mice consuming the control and MR diets with propranolol is particularly instructive because it shows that at equivalent energy intakes, adiposity of mice on the MR diet was 5.2% less (Fig. 5C) . The difference in adiposity between mice consuming the control and MR diets without propranolol was 14.7% (Fig. 5C ), but the 18% higher energy intake of the MR diet in the absence of propranolol must be considered when assessing the full impact of the diet on energy balance (Fig. 5A) . Overall, after accounting for these differences in energy intake, the findings provide strong support for the conclusion that propranolol blocked at least half of the effect of dietary MR to limit BW and fat accumulation.
In the absence of propranolol, dietary MR increased total daily EE by an average of 36%, and the addition of propranolol to the MR diet blocked greater than 50% of this increase during both day and night (Fig. 5D) . In contrast, propranolol had no effect on EE during either the day or night in mice consuming the control diet (Fig. 5D ). This finding is consistent with our earlier suggestion that propranolol had no metabolic effect in ␤ 3 -AR Ϫ/Ϫ mice independent of its effect on energy intake. Collectively, these findings suggest that the combined signaling through ␤-ARs is an important component of the mechanism used by dietary MR to increase EE and limit fat accretion.
Total voluntary activity was increased 23% by propranolol in ␤ 3 -AR Ϫ/Ϫ mice on the control diet, and the increase was similar during both day and night (Fig. 5E ). Relative to mice on the control diet, Fig. 5E shows that voluntary activity was also higher in the MR group during both day (64%) and night (79%). However, propranolol completely blocked the effect of MR to increase voluntary activity, and activity levels in this group did not differ from mice on the control diet without propranolol. In the presence of propranolol, activity of mice on the control diet was modestly higher than the MR group (Fig. 5E) .
Lastly, the ability of dietary MR to induce UCP1 mRNA expression in both BAT and WAT was examined in ␤ 3 -AR Ϫ/Ϫ mice after blocking signaling through ␤ 1 -AR/␤ 2 -ARs with propranolol. As noted in experiment 1, UCP1 mRNA was not induced in BAT of ␤ 3 -AR Ϫ/Ϫ mice by dietary MR (6.5 Ϯ 0.6 fmol/g RNA) relative to the control diet (6.1 Ϯ 0.8 fmol/g RNA), and the addition of propranolol to the control and MR diets reduced UCP1 mRNA to 5.4 Ϯ 0.8 fmol/g and 5.4 Ϯ 0.6 fmol/g RNA, respectively. In contrast to BAT, dietary MR produced a 10-fold induction of UCP1 mRNA in inguinal WAT of ␤ 3 -AR Ϫ/Ϫ mice in the absence of propranolol (control: 0.076 Ϯ 0.049 fmol/g RNA; MR: 0.86 fmol/g RNA).
The addition of propranolol to the control and MR diets reduced UCP1 mRNA in inguinal WAT from the two groups of mice to 0.051 Ϯ 0.021 and 0.089 Ϯ 0.022 fmol/g RNA, respectively. These data illustrate that after pharmacologic inhibition of ␤ 1 -AR/␤ 2 -ARs in ␤ 3 -AR Ϫ/Ϫ mice, induction of UCP1 mRNA in response to dietary MR does not occur in either BAT or WAT.
DISCUSSION
The findings from this and our companion article (21a) show that dietary MR produced a coordinated set of changes in WAT (i.e., decreased leptin and increased UCP1) and BAT (increased UCP1) that are indicative of a diet-induced increase in SNS stimulation of adipose tissue (9, 10) . Moreover, dietary MR produced a coordinated set of physiological changes (increased EE and core body temperature) that effectively limited fat accretion despite also increasing energy intake. The sensing, signaling, and effector systems that coordinate this integrated set of responses are poorly defined and are the subject of the present work. The complementary findings from our rat and mouse studies make a compelling case that dietary MR limits fat deposition by uncoupling respiration and decreasing metabolic efficiency. An important unresolved question is whether the transcriptional responses in BAT and WAT are linked to and necessary for the physiological effects of the diet on energy balance. To explore this hypothesis, we examined the ability of dietary MR to recapitulate each element of the overall response in mice lacking the ␤ 3 -AR, in conjunction with experiments involving pharmacological blockade of the remaining ␤ 1 -AR and ␤ 2 -AR subtypes. The original description of the ␤ 3 -AR Ϫ/Ϫ mouse line used here showed that the ␤ 3 -AR and ␤ 1 -AR/␤ 2 -ARs were interchangeable with respect to mediating acute effects of SNS input in adipose tissue (39) , whereas deletion of all three ␤-AR subtypes produced mice that were cold-sensitive, refractive to sympathomimetics, and obesity-prone (2) . A second component of our rationale is that ␤ 3 -ARs lack the phosphorylation site in the third intracellular loop of ␤ 1 -AR/␤ 2 -ARs that render them sensitive to desensitization by ␤-AR kinases and PKA (5, 40) . Third, our companion article (21a) provides evidence that dietary MR produces a chronic long-term increase in SNS input to adipose tissue, suggesting a physiological environment in which signaling through the ␤ 3 -AR could become essential if desensitization of the ␤ 1 -AR/␤ 2 -ARs occurred. Therefore, examining the responses of ␤ 3 -AR Ϫ/Ϫ and WT mice to dietary MR after 3 mo tested whether the absence of the ␤ 3 -AR under these conditions compromised any of the physiological or molecular components of the response. Given the metabolic phenotype of ␤-AR-less mice (2), extending our design to remove signaling through the remaining ␤ 1 -AR/␤ 2 -AR subtypes with propranolol was intended to test the overall significance of SNS input and ␤-AR signaling in mediating the responses produced by dietary MR.
The most significant findings from the present study are that the absence of the ␤ 3 -AR did not compromise the ability of dietary MR to increase energy intake, increase EE, or limit fat deposition. The absence of the ␤ 3 -AR did block the induction of UCP1 mRNA in BAT but not WAT, whereas inhibition of signaling through the remaining ␤ 1 -and ␤ 2 -AR subtypes with propranolol blocked over 50% of the effect of dietary MR on EE and fat accumulation, and blocked the induction of UCP1 in WAT. Interpreted alongside results presented in our companion article (21a), the findings support the view that 1) dietary MR produced a chronic increase in SNS outflow to adipose tissue, 2) a significant component of the mechanism engaged by dietary MR to increase EE involves signaling through ␤-ARs, 3) transcriptional activation of the UCP1 gene by dietary MR may contribute to but is not essential to the ability of the diet to increase EE and limit fat deposition, 4) the absence of the ␤ 3 -AR does not compromise the effect of dietary MR on EE or most of the transcriptional effects in WAT or BAT, induction of UCP1 mRNA in BAT being the exception, and 5) the increase in EE produced by dietary MR does not require an increase in energy intake.
Rats, mice, golden hamsters, and hibernating animals are among a subgroup of species that express the ␤ 3 -AR in BAT and WAT at high levels relative to the ␤ 1 -AR and ␤ 2 -AR (8, 18, 30) , whereas other species (humans, monkeys, guinea pigs, dogs) are partially or minimally responsive to selective agonists of the ␤ 3 -AR (25, 30, 40) . In the subgroup that expresses all three ␤-AR subtypes, the combination of unequal expression and their differing affinities for endogenous ligands makes it difficult to assess the relative contribution of each subtype to signal translation, but the higher affinity of ␤ 1 -AR and ␤ 2 -AR subtypes for endogenous catecholamines results in their selective recruitment at low norepinephrine concentrations (7, 30) . The higher synaptic concentrations of norepinephrine produced by intense or chronic SNS activation recruits the ␤ 3 -AR to the response (6, 7, 30) and can also lead to desensitization of ␤ 1 -AR and ␤ 2 -AR subtypes (3, 15, 17) . The response of adipocytes to catecholamines is also influenced by signaling input from ␣-adrenergic receptor subtypes, where activation of ␣ 2 -ARs by norepinephrine inhibits adenylcyclase (29) . In primates and various other species, increased expression of ␣ 2 -ARs relative to ␤-ARs can transform SNS input from a primarily lipolytic into an antilipolytic signal (29, 30) . Although antagonistic input from ␣-ARs in adipocyte signaling appears minimal in rodents (7, 16) , it follows that translation of SNS input and therefore the response to dietary MR could differ in species that express a significant complement of ␣ 2 -ARs in adipose tissue. To our knowledge, species heterogeneity in responsiveness to dietary MR has not been evaluated, although a preclinical trial of dietary MR in adult humans was reported to produce a sustained decrease in body mass index over the 17-wk course of the study (13) . Its limitations notwithstanding, this study suggests that the efficacy of dietary MR to reduce fat accretion may not be limited to rodents.
On its surface, the failure of dietary MR to increase UCP1 mRNA in BAT of ␤ 3 -AR Ϫ/Ϫ mice suggests that UCP1 is not involved in the diet-induced decrease in metabolic efficiency. However, two related observations merit consideration. First, our finding that dietary MR decreased leptin mRNA in BAT of ␤ 3 -AR Ϫ/Ϫ mice indicates that signaling through ␤ 1 -AR/␤ 2 -ARs is uncompromised by the diet in these mice. The data further suggest that the difference in BAT of ␤ 3 -AR Ϫ/Ϫ mice, which prevented induction of UCP1 mRNA, was downstream of MR-induced ␤-AR and PKA activation, and it would not prevent the same diet-induced activation of ␤ 1 -AR/␤ 2 -ARs in BAT from increasing uncoupled oxidation of lipid by posttranslational activation of endogenous UCP1 in that tissue. In contrast, dietary MR increased UCP1 mRNA by 5-to 10-fold in WAT of ␤ 3 -AR Ϫ/Ϫ mice, as it did in all four dissectable WAT depots in rats. This response is also seen in rats and mice after cold exposure or treatment with ␤ 3 -AR agonists, and the translated protein can be detected in islands of multilocular adipocytes within WAT depots (19, 20, (22) (23) . The physiological significance of UCP1 induction in WAT is difficult to assess directly, but a substantial literature supports the conclusion that increases in ectopic UCP1 expression in WAT have a significant effect on energy balance (4, 11, (27) (28) 37) . The common finding in these studies was that the observed increase in cAMP signaling or ␤-AR sensitivity, which induced UCP1 expression in WAT produced a similar lean, obesity-resistant phenotype. The metabolic phenotype in gain of function models expressing UCP1 from the aP2 promoter in WAT was also lean and obesity resistant (27, 28) . However, our findings also suggest that dietary MR works through UCP1-independent mechanisms, and the metabolic phenotype of UCP1-null mice clearly illustrate that alternative, energy-wasting thermogenic mechanisms exist and can be readily engaged (12, 41) . Thus, the overall role of UCP1 in regulating body composition and defending body weight remains an open question (12, 24) , as does the extent to which its induction and/or activation plays a role in the effects of dietary MR on EE. Our findings that propranolol blocked over 50% of the MR-induced increase in EE while also blocking the induction, and presumably the activation of UCP1 in ␤ 3 -AR Ϫ/Ϫ mice is consistent with the conclusion that UCP1 mediates part of the increase in EE produced by MR. However, this conjecture is based on correlation of the two events and the known effects of SNS input in adipose tissue. The best test of this hypothesis will require evaluating the ability of dietary MR to increase EE and limit fat deposition in the absence of UCP1. This approach will provide a direct assessment of the relative contributions of UCP1-dependent and independent mechanisms, the latter inferred from the retention of part of the diet-induced increase in EE in mice receiving propranolol. Overall, the data are uniformly consistent with the view that dietary MR engages multiple mechanisms to decrease the efficiency of fuel oxidation and increase total EE.
A potential caveat in our studies with propranolol was that it decreased energy intake in ␤ 3 -AR Ϫ/Ϫ mice on both control and MR diets. The antagonist prevented the hyperphagic response to dietary MR in ␤ 3 -AR Ϫ/Ϫ mice, but it also reduced consumption of the control diet in ␤ 3 -AR Ϫ/Ϫ mice, such that energy intake in these two groups did not differ. The associated decrease in BW and fat accumulation in the Control group was proportional to the decrease in EE, suggesting no metabolic effect of propranolol independent of its anorexigenic effect. In contrast, at the same level of intake, ␤ 3 -AR Ϫ/Ϫ mice on the MR diet with propranolol accumulated 13 g less fat and 11 g less BW. Although the mechanism of this component of the diet's effect on energy balance is unclear, future experiments with UCP1-null mice will provide a less confounded background for identification of the affected systems.
A key goal of our studies was to test whether dietary MR produced changes in voluntary activity that could contribute to the increase in total EE produced by the diet. In each experiment, activity was continuously measured over a 3-to 4-day period, while mice were in the metabolic chambers. Given that mice typically sleep during the day and feed at night, we expected a day-to-night increase in ambulatory activity. In experiment 1, voluntary activity of WT mice on the control diet increased four-fold between day and night, whereas night-time activity in ␤ 3 -AR Ϫ/Ϫ mice on the control diet increased less than twofold. Averaged over day and night, total activity was three-fold higher in WT than ␤ 3 -AR Ϫ/Ϫ mice, and the MR diet had no effect on total activity of either genotype. In experiement 2, day, night, and total voluntary activity were increased by ϳ70% by dietary MR in ␤ 3 -AR Ϫ/Ϫ mice without propranolol, whereas with the addition of propranolol, dietary MR produced a modest reduction in activity (Fig. 5D ). This differs from experiment 1, where there was no effect of dietary MR on activity in ␤ 3 -AR Ϫ/Ϫ mice. It is difficult to assess the contribution of differences in voluntary activity to differences in EE, particularly at night when the diurnal increase in EE is confounded by the heat increment of feeding and the effect of dietary MR on metabolic efficiency. Measurements of daytime EE are less confounded by the heat increment of feeding, so we initially compared the relationship between diet-induced effects on EE and diet-induced effects on activity in experiments 1 and 2. MR increased day-time EE by 23% in WT mice in experiment 1, and by 22% and 24% in ␤ 3 -AR Ϫ/Ϫ mice in experiments 1 and 2, respectively. MR increased day-time activity by twofold in WT mice, had no effect in ␤ 3 -AR Ϫ/Ϫ mice in experiment 1, and increased activity by 64% in experiment 2. The comparisons reveal no relationship between EE and activity among the groups, which would suggest that dietary MR is affecting EE by affecting activity. A similar analysis of night-time activity and EE among the groups supports the same conclusion, namely that dietary MR increases EE through a mechanism that does not involve changes in activity. These data and data from our companion article (21a) in rats provide no evidence that an increase in voluntary activity is the basis for the increase in EE by MR.
Two responses to dietary MR common to both rats and mice are increased plasma adiponectin and decreased leptin. Both responses are uncompromised in ␤ 3 -AR Ϫ/Ϫ mice but appear to be mediated through separate mechanisms. The increase in total plasma adiponectin produced by dietary MR in rats and mice does not appear to involve a change in transcription of the gene. In both species and in all WAT depots surveyed to date, the consistent increase in circulating adiponectin has never been associated with any increase in adiponectin mRNA. Collectively, our findings are most consistent with a posttranscriptional effect of dietary MR that produces a rapid and persistent increase in circulating adiponectin without any change in adiponectin mRNA. It is also possible that the MR diet increases plasma adiponectin through effects on clearance, although recent work suggests this as an unlikely mechanism (21) . In addition, we do not know whether the increase in total adiponectin measured by our assay represents an increase in the biologically active, high molecular form (1). However, the improved insulin sensitivity and metabolic flexibility observed in our earlier studies with dietary MR (31) are consistent with an increase in the biologically active form of the protein.
The biological responses to dietary MR are also consistent in many ways with the specific responses of peripheral tissues to adiponectin (32, 35) and include enhanced insulin sensitivity, reduced circulating triglycerides, and enhanced AMPK activation in WAT (31, 34) . The present work builds upon these findings by showing that the enhanced oxidation of metabolic fuels in both fed and fasted states is uncoupled to a degree that restricts deposition of fat despite a significant increase in energy intake. Previous work has shown that intracerebroventricular or intravenous injection of adiponectin increased oxygen consumption and fat oxidation and reduced body weight in mice without affecting food consumption (35) . Thus, it is attractive to propose that some of the metabolic effects of dietary MR are mediated by increasing adiponectin release from adipose tissue. The effects of dietary MR on leptin, adiponectin, and UCP1 suggest roles of these adipocyte genes as partial mediators of the physiological responses to dietary MR. It will be important in future studies to evaluate the role of each using loss-of-function approaches with the diet.
Perspectives and Significance
The cloning of the ob gene in 1994 identified leptin as a key component of the complex network of sensing, signaling, and effector systems that function in an integrated manner to regulate energy balance in higher animals. The findings presented herein show that dietary MR produces an integrated series of molecular, cellular, and physiological responses that have a profound impact on both the energy intake and expenditure components of the energy balance equation. The net effect of these responses is a decrease in metabolic efficiency and a corresponding decrease in fat accretion in adipose tissue. The studies reported here describe our initial efforts to identify the signaling systems that link the cellular and molecular responses to dietary MR to the physiological responses to the diet. Important future goals are to unravel the mechanisms engaged by dietary MR that simultaneously enhance fuel oxidation and uncouple respiration, understand where and how the reduction in dietary methionine content is initially sensed, and identify the communication networks that affect and coordinate the integrated set of physiological responses to the diet.
